In 1973 the Saskatchewan Department of Highways began construction of a crossing over the North Saskatchewan River at Maymont, Saskatchewan. The south approach to the river required a cut some 20 m in depth at the top edge of the valley and when the excavation reached the design elevation a massive failure occurred on one of the backslopes. The major portion of the slip surface followed a slickensided clay shale zone. An analysis of the failure indicates residual angles of shearing resistance were being mobilized. The reason for mobilizing only the residual strength is attributed to previous shearing arising from glacial ice-thrusting.
20 m at the top edge of the valley. The approach crossed numerous old landslides along the valley wall. The gradeline of this approach was set so that the net effect of the construction over the old landslides was an unloading of the scarp and a loading of the toe. When the excavation at the scarp was completed, a massive failure occurred rather suddenly in the east backslope. Figure 2 shows an oblique aerial view of the failure. This failure is of interest for several reasons. First, the shear strength mobilized at failure by this slide, which occurred within Cretaceous nonmarine sediments of the Judith River Formation, was close to strengths typically mobilized in the Upper Cretaceous marine sediments of the Bearpaw and Lea Park Formations. This is of interest because it suggests that for engineering purposes it is not crucial to identify the different Cretaceous formations, an identification that is often difficult to make on the basis of engineering site investigations. Second, the slide only mobilized the residual strength at failure. Since this was a newly constructed slope, it becomes important to determine how the strength was reduced from its peak to residual value. Third, there was no delay in the failures as is often the case with cut slopes in stiff fissured clays. This paper presents the details and implications of the Maymont case history.
Site Description
The location selected for the bridge crossing is about 915 m upstream from an old ferry crossing as shown in Fig. 3 . At this point the river valley is about 2.4 km wide with a rise in elevation of 68 m from river level to the upland. The river is flowing in a southeasterly direction.
The north shore of the river is flanked by an alluvial floodplain about 305 m wide, and north of this floodplain, the landform is as an eroded till plain that rises to the upland at a slope of about thirteen horizontal to one vertical (4.4'). Land-slun~ping topography extends southward from the south riverbank for about 610 m. For the first 280 m the natural slope rises at about 3", for the next 320 m this increases to about 5.7', and for the last 10 m, just before the scarp, the slope rises very sharply. South of the scarp the upland landform is a ground moraine. Immediately landward from the south valley crest there are some linear features, evident on the vertical. air photograph (Fig. 3 ), which are due to icethrusting.
Slope Design
During the design stages it was realized from the site investigation data that the base of the proposed approach cut would intercept a layer of slickensided, brecciated clay shale. Because of the slickensiding, relatively low strength parameters (i.e., +' between 10 and 15' with c' = 4.8 kPa) were selected for design. With these relatively low strength parameters, fairly flat slopes were required to achieve a safety factor of 1.3. The Saskatchewan Department of Highways analyzed the risk and economics involved in a failure and concluded that there would be no great risk involved to the road user if a failure were to occur and that there would be little added cost to flatten the slope after a failure. On the other hand, substantial economic savings c o~~l d be realized if the failure did not occur. On the basis of this rationale the backslopes were designed at a factor of safety of unity with the lower portion at a slope of three horizontal to one vertical and the upper portion at four horizontal to one vertical.
Excavation was just completed on the south approach when the east backslope failed, the result of which is shown in Fig. 2 Slide Investigation immediately following the backslope failure, a detailed investigation was undertaken. Arrangements were made for aerial photographic coverage from which a contour map with intervals of 0.6 m (2 ft) was prepared (Fig. 7) . In addition, ground surveys were performed to obtain cross sections of the failed cut.
A drilling program was carried out to augment the subsurface information obtained during the initial investigation. Drilling was done using a truckmounted rotary drill and the holes were advanced using wet drilling techniques. Locations of the test holes are shown in Fig. 7 . Undisturbed samples were collected during the drilling using thin-walled steel tubes at selected locations and all the test holes were electrically logged.
Open standpipe piezometers were installed in test holes 8-75,9-75, and 201A-73 . A slope indicator tube was installed on the east slope to monitor any further movements, and another slope indicator t~~b e was installed near the crest of the west inf failed backslope to detect any impending failure. The locations of these are also shown in Fig. 7 , as test holes S.I.10 and S.I.11.
Geology and Stratigraphy
Except for a randomly located thin veneer of glacial drift, the sediments consist of Cretaceous bedrock materials belonging to the Judith River and Lea Park Formations. The Judith River Formation overlies the Lea Park Formation but the exact boundary between them is difficult to ascertain at this site. The landslide is interpreted as having occurred At the south approach cut the sediments consist primarily of a very dense silty sand overlying a zone of alternating layers of silt, sand, and clay shale. The clay shales are highly brecciated and slickensided. A stratigraphic interpretation of the subsurface soils is given by the cross section in Fig. 8 . (The location of the section is given in Fig. 7 .) As may be seen in Fig.  8 , the slickensided zone dips toward the base of the cut beneath the east cut slope. Whether this dip does or does not continue on beneath the west cut slope is not certain. No samples were taken during the drilling of test hole S.I.10 and as a result no information is available on the extent of the slickensiding in this area. The stratigraphic sequence shown in Fig. 8 for test hole S.l.10 is based on the electric log alone. It is thought that beneath the west slope the slickensided zone is horizontal or dips slightly into the slope. The base of the slickensided zone within the landslide was assumed to be at a depth below which slickensided surfaces were no longer evident in the undisturbed test hole samples.
It appears that the bedrock materials at this site have been disturbed by glacial ice movement to a depth of about 45 m. The jointing, brecciation, and slickensiding noted in the samples are believed to be due to these disturbances. The disturbance became visibly evident in the backslopes as the excavation proceeded. The bedding was folded and truncated as illustrated in Figs. 9 and 10.
The piezometric levels were not high in the sliding mass; however, there were minor amounts of ground- water seepage to the north of the northern extremity of the landslide. The piezometers installed in test holes 8-75 and 9-75 within the slickensided zone indicated a piezometric level slightly above the top of this zone. Three piezometers were installed in test hole 20112-73, and the one with the highest tip elevation indicated the lowest water pressure. Generally, these piezometers seem to indicate that this is an area of groundwater recharge in a downward gradient and that within the slickensided zone the groundwater levels are close to its upper boundary.
Laboratory Testing
During the postslide investigation, soil samples were obtained for the purpose of evaluating the shear strength of the backslope material. Some thin-walled tube samples were taken in the upper silty sand zone but the majority of the samples were taken in the slickensided brecciated zones.
Direct shear tests were performed on the lower slickensided clay shale material. The tests were performed by applying a normal load in one increment, submerging the sample in distilled water, and then allowing the sample to consolidate. After con-a constant value, which required about 5 cm dissolidation (or swelling), the samples were sheared in placement. the forward direction at a rate of 2.5 X 10-3 cm/min Grain-size analysis on the upper sedinlents indiuntil a displacement of about 0.6 cm was reached. cated that the material can be classified as a nonThen the samples were manually sheared back to plastic silty fine sand. The samples tested consisted their initial position. This procedure was repeated of about 50% sand size, 40% silt size, and 10% clay until the shearing resistance had essentially reached size particles. Six 5 cm X 5 cm direct shear box samples were prepared from the thin-walled steel tube samples. Three of these samples contained primarily brecciated and fissured material, whereas another similar sample was much softer. Another two samples had natural slickensided surfaces along the shear plane. Atterberg limits, water contents, and grain-size analyses performed on cuttings from these samples are given in Table 1 and show that the samples were very silty with clay contents varying between 10 and 24%. The liquid limits varied between 44 and 51% and the plastic limits varied between 24 and 33%. The natural water contents were slightly below the plastic limits.
Results of the direct shear tests are shown in Fig.  11 . Both the peak and residual values are shown and the data points for each test are joined by a vertical line. The samples (1, 2, 3) that were brecciated and fissured showed a distinct drop-off from peak to residual conditions. Sample 5, which was also brecciated and fissured, but softer than the other three, exhibited little difference between peak and residual conditions. Of the samples with slickensided surfaces (4, 6), one exhibited a significant drop from peak to residual and the other did not.
Three tests were also performed on remolded samples. These tests were carried out in the same manner as for the undisturbed specimens except they were cut along the shear surface prior to testing.
The direct shear results show a large variation in the residual strength between samples. If the cohesion intercept is taken as zero, &.' for the natural samples varies between a high of 28" and a low of 13".
Moreover, they are all higher than the residual +, ' of 8" obtained on the remolded precut samples. It is possible that the samples should have been sheared to larger strains even though the stress-strain curves had essentially levelled off. To some extent, however, a variation in residual strengths from laboratory direct shear tests appears to be characteristic of these overconsolidated sediments. Insley et al. (1977) , for example, obtained a variation of 8.5-15.0" in residual angles of friction from tests on Upper Cretaceous sediments of the Lea Park Formation from the the time of failure. Most of the analyses were run Maidstone bridge site on the North Saskatchewan using the simplified Bishop method as extended for a River.
composite failure surface (Fredlund and Krahn 1977) . A few checks were made using the MorgeoAnalysis stern-Price method but the computed factors of A back-analysis of the cut slope failure was per-safety were essentially unchanged from those obtainformed to ascertain the shear strength mobilized at ed using the simplified Bishop method. The compu- tations were performed using the SLOPE computer program at the University of Saskatchewan (Fredlund 1975) .
For analysis purposes, the sliding mass was divided into two soil types as shown in Fig. 12 . No conclusive evidence became available during the investigation of the exact location of the slip surface except near the crest and at the toe. It is reasonable, however, that the slip surface was located within the slickensided zone and for this reason the trial slip surfaces were not permitted to penetrate below this zone. The piezometric level was taken to be slightly above the slickensided clay shale zone as indicated in Fig. 12 . A large number of slip surfaces were analyzed, each one passing through the two known end points. The one found to have the lowest safety factor was the composite failure surface illustrated in Fig. 12 .
In the analysis it was considered inappropriate to use a cohesion intercept for the nonplastic upper silty sand and therefore the cohesion was set equal to zero. The influence of varying +' was investigated, and the results indicated that the factor of safety was insensitive to changes in the angle of internal friction. Subsequently, all analyses were performed with c' = 0 and +' = 30" for the upper unit consisting of the very dense silty sand.
Several combinations of c' and +' were computed that resulted in a factor of safety of unity. These are given in Fig. 13 and indicate that when the cohesion is equal to zero the friction angle required for a factor of safety of unity is only 8.2". Inclusion of a cohesion value reduces the friction angle required for a factor of safety of unity according to the relationship shown in Fig. 13 . These low friction angles indicate that the residual strength was mobilized at failure. Raising or lowering the piezometric level by about 3 m altered the factor of safety by only about 10%. With a lowering of the water level, the friction angle required, with cohesion equal to zero and for a safety factor of unity, is 7.5" and with a 3 m rise in water level the friction angle required for the point of limiting equilibrium is still within the range of residual strength values.
Analysis of the postslide geometry, using a similar slip surface and similar strength parameters as for the back-analysis, results in a safety factor of 1.07. This 7% increase in the factor of safety from unity is thought to be the result of the rapid failure: its momentum probably carried the sliding mass into a stable position. The slope indicator installed in the slide (S.I.ll in Fig. 7) confirmed that the sliding mass reached a stable position. Remedial work at the slide consisted of raising the gradeline of the roadway to load the toe and landscaping the slope to unload the crest and to provide drainage off the slope. All crevices and cracks were filled and compacted to prevent surface runoff from infiltrating the sliding mass. The final slope geometry is shown in Fig. 12 and an analysis of this configuration indicates a factor of safety of 1.36.
Discussion
The mobilized angle of friction (i.e., 8.2") at the
The section analyzed in the stability analyses. Cretaceous clay shales of the Bearpaw Formation, mobilized a friction angle of 9" when cohesion was taken as zero (Johnson 1978) . At the Maidstone bridge site on the North Saskatchewan River, Insley et al. (1977) The reason for the similarity in the shear strengths mobilized by landslides is that the three Cretaceous formations all contain layers of low-strength material such as bentonitic zones. These are usually associated with the marine Bearpaw and Lea Park Formations but the nonmarine Judith River Formations also contain local bentonitic zones (Whitaker and Pearson 1972) because of the tremendous interfingering of the sediments of the two depositional environments. This is significant because it means that for engineering purposes it is not crucial to identify the different formations, a task often difficult to perform on the basis of engineering investigations. What is crucial, however, is the identification of geological details, such as bentonitic zones, regardless of which formation they belong to.
The strength mobilized by the Maymont slide was whenever an excavated slope fails at a shear strength corresponding to the residual friction conditions, it is important to ascertain how the strength was reduced from peak to residual. For the Maymont slide a logical explanation for the shear strength having been reduced to residual is that it occurred during the shearing resulting from glacial ice-thrusting. The linear surface features on the vertical air photograph in Fig. 3 and the folds, brecciations, and slickensides all indicate that the material has been moved about through glaciation. It has been recently shown by Sauer (1978) that this type of icethrusting is a fairly widespread phenomenon in glaciated regions.
The suddenness with which the failure took place is of interest. Generally there is a time delay, which is attributed to the time necessary for equalization of negative pore pressures resulting from the unloading (Vaughan and Walbancke 1973 ; Eigenbrod 1975 ; Skempton 1977 ). It does not appear that the Maymont slide was influenced by negative pore water pressures since this would mean that the shear strength parameters would be even lower.
It should be noted that the west cut, which was as high as the east cut, did not fail. The slope indicator installed at the crest of this slope (S.I. 10 in Fig. 7) has not shown any movement to date, which indicates that the slope is still stable. There may be two possible explanations. First, the slickensided clay shale zone beneath the west slope does not appear to dip toward the base of the cut as it does beneath the' failed slope. This stratigraphic difference has a stabilizing effect. Second, there may very well be negative pore water pressures acting in the more intact soils below the west cut. If this is the case, it is possible that this slope could fail as the negative water pressures relax. Regardless of the reason, the and variable residual strengths were exhibited by the direct shear tests on the natural samples. Insley et al. (1977) , Weisner (1969) , and Thomson and Hayley (1975) It is becoming more apparent that stability problems in complex sedimentary bedrock deposits are invariably controlled by geological details. A thin presheared bentonitic layer controlled the stability of a slide in Cretaceous bedrock at Devon, Alberta (Eigenbrod and M-orgenstern 1972) . The same feature controlled the stability of landslides at the Nipawin bridge in Saskatchewan, at the Maidstone bridge in Saskatchewan, and at the Smoky 2 bridge in Alberta (Insley et d. 1977) . The Maymont failure has once again illustrated the importance of the geological details in slope stability.
